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ABSTRACT
We have analysed a new high-resolution e-MERLIN 1.5 GHz radio continuum
map together with HST and SDSS imaging of NGC 5322, an elliptical galaxy hosting
radio jets, aiming to understand the galaxy’s central structure and its connection to
the nuclear activity. We decomposed the composite HST + SDSS surface brightness
profile of the galaxy into an inner stellar disc, a spheroid, and an outer stellar halo.
Past works showed that this embedded disc counter-rotates rapidly with respect to
the spheroid. The HST images reveal an edge-on nuclear dust disc across the centre,
aligned along the major-axis of the galaxy and nearly perpendicular to the radio
jets. After careful masking of this dust disc, we find a central stellar mass deficit
Mdef in the spheroid, scoured by SMBH binaries with final mass MBH such that
Mdef/MBH ∼ 1.3 − 3.4. We propose a three-phase formation scenario for NGC 5322
where a few (2 − 7) ‘dry’ major mergers involving SMBHs built the spheroid with a
depleted core. The cannibalism of a gas-rich satellite subsequently creates the faint
counter-rotating disc and funnels gaseous material directly onto the AGN, powering
the radio core with a brightness temperature of TB,core ∼ 4.5 × 10
7 K and the low-
power radio jets (Pjets ∼ 7.04 × 10
20 W Hz−1) which extend ∼ 1.6 kpc. The outer
halo can later grow via minor mergers and the accretion of tidal debris. The low-
luminosity AGN/jet-driven feedback may have quenched the late-time nuclear star
formation promptly, which could otherwise have replenished the depleted core.
Key words: galaxies: elliptical and lenticular, cD — galaxies: nuclei — galaxies:
photometry — galaxies: structure — radio continuum: galaxies
1 INTRODUCTION
Elliptical galaxies are thought to have formed hierarchically
via mergers of smaller systems and accretion events (e.g.,
White & Rees 1978; Cole et al. 1994; Khochfar & Burkert
2001; Springel et al. 2005; Naab, Khochfar, & Burkert
2006; Hopkins et al. 2009; Mundy et al. 2017). Merger-
driven inflow of gas was invoked to produce nuclear
⋆ bdullo@ucm.es
starbursts or fuel the central black hole. The latter
may drive powerful relativistic jets that can heat the
surrounding gas, and as such impact on the central
stellar structures in elliptical galaxies (e.g., Carlberg
1986; Hernquist 1992, 1993; Mihos & Hernquist 1994;
Bahcall et al. 1995; Surace et al. 2001; Croton et al. 2006;
Werner et al. 2014; Somerville & Davé 2015). Obser-
vations reveal that elliptical galaxies possess distinct
structures on scales of a few kiloparsecs down to tens
of parsecs such as depleted cores, nuclear star clusters,
c© 0000 The Authors
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small-scale stellar discs, nuclear dust discs/lanes, and
AGN (e.g., Crane et al. 1993; Kormendy et al. 1994;
Jaffe et al. 1994; Ferrarese et al. 1994; Lauer et al. 1995;
Carollo et al. 1997, Faber et al. 1997; Knapen et al. 2000;
Rest et al. 2001; Trujillo et al. 2004; Lauer et al. 2005, 2007;
Côté et al. 2006; Ferrarese et al. 2006; Kormendy et al.
2009; Dullo & Graham 2012, 2014; Turner et al. 2012;
Savorgnan & Graham 2016; Dullo, Graham, & Knapen
2017). However, the interplay between such central struc-
tures and the nuclear activity of the galaxies remain largely
unclear.
Luminous elliptical galaxies brighter than MB ∼
−20.5±0.05 mag contain partially-depleted cores, with sizes
typically 20 − 500 pc, that are thought to be scoured by bi-
nary supermassive black holes formed in gas-poor (‘dry’)
major mergers (e.g., Begelman et al. 1980; Ebisuzaki et al.
1991; Faber et al. 1997; Merritt 2006). The coexistence of
such cores and rapidly rotating nuclear stellar and dust
discs in galaxies is of interest since it may lead us to under-
stand how such galaxies can acquire and transfer gaseous
material inward to build the nuclear stellar/dust discs, fuel
the central AGN, but not refill the depleted core with
young stars. The radio elliptical (E3−4) galaxy NGC 5322
(RC3, de Vaucouleurs et al. 1991), with a depleted core,
i.e., a central stellar mass deficit (e.g., Carollo et al. 1997;
Richings et al. 2011; Krajnović et al. 2013a), nuclear stel-
lar disc and LINER-type nuclear emission (Baldi & Capetti
2009), is a promising candidate which allows detailed, multi-
wavelength analysis of the central structure, AGN activities
and jet structures.
The Legacy e-MERLIN Multi-band Imaging of Nearby
Galaxies (LeMMINGs; Beswick et al. 2015) survey is a high-
resolution radio continuum survey designed, in part, to
study such galaxies by utilising synergies from a large sam-
ple of high-resolution, multi-wavelength data, including from
HST: optical plus IR, Spitzer: IR, Herschel: IR, Chandra:
X-ray and GALEX: UV. The project is composed of two
complementary radio surveys: moderately deep snapshots
of a large sample of 280 nearby (3− 100 Mpc) galaxies over
a large luminosity, size and morphological type range, se-
lected from the Palomar Bright Galaxies Survey (Ho et al.
1997), and a deep survey of 6/280 representative galaxies.
These radio surveys coupled with the ancillary data will
probe the central structures, AGN/jet structure and star
formation rates in galaxies (see Westcott et al. 2017 and
Williams et al. 2017). NGC 5322 is among the first galaxies
observed with e-MERLIN at 1.5 GHz as part of the moder-
ately deep LeMMINGs survey.
Isophotal analysis of ground-based optical images
by Bender (1988) showed that the isophote shapes
in NGC 5322 change from discy isophotes at R<∼ 8
′′,
due to the galaxy’s small-scale, edge-on stellar disc,
to boxy isophotes at larger radii (8′′<∼R
<
∼ 35
′′). Em-
bedded discs are common in elliptical galaxies (e.g.,
Rest et al. 2001, references therein; Dullo & Graham 2012;
Graham, Ciambur, & Savorgnan 2016). The Bender (1988)
kinematic data for NGC 5322, out to 35′′, also revealed that
the inner region (R<∼ 2.6
′′), where the embedded stellar disc
contributes light significantly, is counter-rotating with re-
spect to the rest of the galaxy (see also Bender & Surma
1992, Rix & White 1992 and Krajnović et al. 2011, their
Fig C4). This counter-rotating core (KDC) exhibits en-
hanced Mg2 relative to the outer parts of the galaxy
(Bender & Surma 1992; Kobayashi & Arimoto 1999). The
Mg2 line index is thought to trace primarily metallicity.
The stellar population analysis within 1Re by Spolaor et al.
(2010, and references therein) has revealed that the galaxy
is very metal rich ([Z/H] ∼ 0.45) with a super-solar α-
abundance ratio ([α/Fe] ∼ 0.30) in the central region.
Carollo et al. (1997) found that the V − I colour of the
KDC differs only slightly (<∼ 0.02 mag) from that of the
surrounding regions. These isophotal, kinematical and stel-
lar population properties and the colour of NGC 5322 were
attributed to the build-up of the galaxy through a ma-
jor merger of two gas-rich galaxies (e.g., Schweizer et al.
1990; Hernquist & Barnes 1991; Bender & Surma 1992;
Schweizer & Seitzer 1992). However, the presence of a de-
pleted core in NGC 5322 argues against such a gas-rich,
major merger scenario in which the merger-driven gas dissi-
pation and ensuing nuclear starburst are thought to produce
coreless galaxies.
Reducing the Tonry et al. (2001) distance moduli by
0.06 mag (Blakeslee et al. 2002) yields a distance of 30.3
Mpc for NGC 5322. The galaxy has a central velocity dis-
persion σ ∼ 229 km s−1 (HyperLeda1, Paturel et al. 2003).
We assume that H0 = 70 km s−1 Mpc−1 and that 1 arcsec
corresponds to 145 pc.
The aim of this work is to investigate the formation
mechanisms for NGC 5322 using a multi-wavelength anal-
ysis of the galaxy’s central structure and the connection to
the nuclear activity. To achieve this, we use our new 1.5
GHz e-MERLIN observations plus HST and SDSS imaging.
These data and the pertaining data reduction steps are dis-
cussed in Section 2. After carefully masking the galaxy’s
nuclear dust disc, for the first time, we decompose the 200′′
composite (HST + SDSS) light profile into an inner (ex-
ponential) stellar disc, a core-Sérsic spheroid and an outer
exponential stellar halo (Section 3). Section 3 also details our
radio, isophotal and light profile fitting analyses, along with
a literature comparison. Sections 4.1 and 4.2 provide our
measurements of the central stellar mass deficit and merger
rate for NGC 5322. In Section 4.3, we discuss the formation
of NGC 5322. Section 5 summarizes our main conclusions.
2 OBSERVATIONS AND DATA REDUCTION
2.1 e-MERLIN radio data
High-sensitivity, high-resolution radio continuum observa-
tions of NGC5322 were carried out using the e-MERLIN ar-
ray at L-band (1.25-1.75 GHz) on 17-May-2015 as part of the
e-MERLIN LeMMINGs legacy programme (Beswick et al.
2014). We used all seven of the e-MERLIN telescopes
throughout these observations, including the 76-m Lovell
telescope. The target source was observed for a total on-
source time of 5.7 hrs. These observations were regularly in-
terspersed with short scans of the nearby phase calibration
source, J1335+5844, with a 13.2 minute target to phase cali-
brator cycle. Observations of flux density calibration source,
3C286, and bandpass calibrator, OQ208, were made at the
beginning and end of the observing run. A total bandwidth
1 http://leda.univ- lyon1.fr
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Figure 1. (a) HST ACS F814W image of NGC 5322. (b) ACS F814W residual image of NGC 5322 created by subtracting the
ellipse model image from the ACS F814W image. (c) HST ACS F435W −F814W colour map of the NGC 5322. The relatively redder
(F435W − F814W >∼ 2.3) nuclear regions are due to the nuclear dust disc with radius R ∼ 1.
′′7 ≈ 246.5 pc and (d) e-MERLIN 1.5 GHz
radio continuum map of NGC 5233. The beam is shown in the lower left corner. In all the panels north is up, and east is to the left.
The nuclear dust disc is embedded in the small-scale stellar disc with a half-light radius Re ∼ 356.7 pc. Both the dust and stellar discs
are edge-on and aligned along the major axis of the galaxy, i.e., in the east-west direction. The dark regions, bright cones along the
major-axis and the ‘X’-shaped structure in the residual image are due to the dust disc, stellar disc and boxy spheroid, respectively.
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Figure 2. Top panels: HST ACS F814W image of NGC 5322
showing the central regions of the galaxy with the nuclear dust
disc (left) and the corresponding masked regions (black areas)
overplotted on the image (right). North is up and east is to the
left. Bottom panels: as in the top panels but for the HST WFC3
F110W image. The orientation of the WFC3 images is marked
with arrows.
of 512 MHz was correlated into 8 adjacent spectral win-
dows with each spectral window correlated into 512 fre-
quency channels per polarisation. Following initial data edit-
ing and the excision of RFI these data were averaged in fre-
quency (0.5 MHz) and time (2 sec) before being processed
using the e-MERLIN pipeline (Argo 2015) to apply standard
multi-frequency calibration procedures to determine and ap-
ply the complex gain solutions derived from the calibration
sources. Following these pipeline procedures a number of
self-calibration cycles were carried out on the target source,
NGC5322, before reweighting of the relative sensitivities of
the individual e-MERLIN telescopes (as a function of time
and frequency) and final imaging.
Multi-frequency synthesis imaging techniques were ap-
plied to the calibrated target source data using a variety of
weighting schemes optimising for sensitivity and angular res-
olution. The final images (see Fig. 1d) with a restoring beam
of 0.′′43×0.′′17, a ∼ 41 × 41 arcsec2 field-of-view (FOV), rms
noise level of 11.6 µJy beam−1 and peak target flux density
of 5.26mJy beam−1 were used for subsequent analysis.
2.2 HST imaging data
HST Advanced Camera for Surveys (ACS; Ford et al. 1998)
Wide Field Channel (WFC) F435W and F814W images of
NGC 5322 (HST Proposal ID 9427, Harris et al. 2006) were
retrieved from the public Hubble Legacy Archive (HLA2).
The ACS F435W and F814W filters are similar to John-
son’s B- and I-bands, respectively. In addition, we retrieved
the HST Wide Field Camera 3 (WFC3) IR F110W image
2 https://hla.stsci.edu/hlaview.html
from the Mikulski Archive for Space Telescopes (MAST3)
to better account for the edge-on nuclear dust disc visible in
the images and in our colour map (Figs. 1, 2 and 3). The
ACS WFC and WFC3 IR cameras have pixel scales of 0.′′05
pixel−1 and 0.′′13 pixel−1, respectively.
2.3 SDSS imaging data
We obtained the SDSS i-band mosaic image of NGC 5322,
with a pixel scale of 0.′′396 and a ∼ 18 × 18 arcmin−2 FOV
from the Data Release 13 (DR134) database. This image was
used to determine reliably the sky background of NGC 5322.
2.4 Surface brightness profile
We follow the reduction procedure by Dullo et al. (2016, see
references therein) and fit elliptical isophotes to the WFC3
F110W , ACS F814W and SDSS i-band images of NGC 5322
using the IRAF task ellipse (Jedrzejewski 1987) to extract
the surface brightness, ellipticity (ǫ = 1 - b/a, where a and
b are the semi-major and minor-axes of the best-fit ellipse),
position angle (P.A.) and isophote shape parameter (B4)
profiles along the major-axis (see Fig. 3b). B4 quantifies
deviations of the isophotes from pure ellipses (i.e., B4 =
0). If B4 < 0 then the isophotes are boxy, B4 > 0 if the
isophotes are discy. We run ellipse on the WFC3 F110W ,
ACS F814W and SDSS i-band images using a mask for each
image that is generated by SExtractor (Bertin & Arnouts
1996) together with a manual mask to exclude the galaxy’s
nuclear dust disc, gaps between CCD detectors in the im-
ages, background galaxies, bright foreground stars, and chip
defects.
Fig. 4 shows a composite light profile of NGC 5322 to-
gether with the pertaining ǫ, P.A. and B4 profiles, assembled
by combining our WFC3 F110W , ACS F814W and SDSS
i-band data. At R<∼ 3
′′, we used the near-IR WFC3 F110W
light profile which is significantly less contaminated by dust
extinction (see Sections 3.2 and 4.2.1). In Fig. 2, we show the
central regions and associated masks of NGC 5322 to high-
light the masked nuclear dust regions in the WFC3 F110W
and ACS F814W images. The ACS F814W data, with a
better spatial resolution than the WFC3 and SDSS data,
were used at 3′′<∼R
<
∼ 40
′′. In order to capture NGC 5322’s
stellar halo that extends beyond the FOVs of the ACS and
WFC3 images, at large radii (R>∼ 40
′′) we used the SDSS
i-band data to constrain the sky-background. The WFC3
F110W and SDSS i-band data were shifted to match the
ACS F814W data. Although the WFC3 F110W filter cov-
ers a wavelength range mostly redder than those of the ACS
F814W - and SDSS i-band filters, we find a good overlap
between the ACS F814W , SDSS i and WFC3 F110W light
profiles over the R<∼ 10
′′ radial range, when we exclude the
dust-affected region. The magnitudes in this paper are in
the VEGA magnitude system.
3 https://archive.stsci.edu
4 http://www.sdss.org/dr13/
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Figure 3. e-MERLIN 1.5 GHz contours of NGC 5322 overlaid on the (a) residual image and (b) F435W − F814W colour map of the
galaxy, highlighting the residual structures and colour excess due to the dust disc. We overplot the elliptical isophotes derived from the
ellipse fit to the ACS F814W image (see Section 2.4) to illustrate the position angle of the galaxy relative to the dust disk and radio
jets. For clarity we do not show a few isophotes inside R<∼ 0.
′′4. While the black contour (with a semi-major axis of ∼ 1.′′7) encloses the
masked region shown in Fig. 2, we use the ACS F814W light profile at 3′′<∼R
<
∼ 40
′′ (Section 2.4). The radio jet is nearly perpendicular
to the nuclear stellar and dust discs that are aligned along the major axis of the galaxy and result in the bright cones in East-West
direction (a) and the colour excess (b), respectively. In both panels north is up, and east is to the left. The contour levels are (-1.00, 1.00,
1.41, 2.00, 2.83, 4., 5.66, 8.00, 11.31, 16.00, 22.63, 32.00, 45.25, 64.00, 90.51, 128.00, 181.00, 256.00, 362.00 and 512.00) × 3.326E-05 Jy
beam−1.
3 STRUCTURAL ANALYSIS
3.1 Residual image and dust map
Fig 1(b) shows the residual image of NGC 5322 generated by
subtracting the IRAF ellipse model image from the ACS
F814W image. Four structural features are evidenced in
this image: (i) a dark nuclear disc along the galaxy’s ma-
jor axis which is due to the edge-on inner dust disc (with
a radius of 1.′′7 ≈ 246.5 pc and a thickness of 0.′′6 ≈ 87
pc near the galaxy centre, respectively) that is visible in
the galaxy images crossing the centre of the galaxy, (ii)
two bright cones along the major axis, (ii) two bright cones
along the minor-axis and (iv) a large-scale ‘X’-shaped struc-
ture due to the spheroid’s boxy isophotes (see also Fig. 3a
and Section 3.4). The dust disc, with F435W − F814W ∼
2.72+0.13
−0.39 compared to the relatively bluer immediate sur-
roundings (F435W−F814W ∼ 2.30), is better visible in the
colour maps (Figs. 1c and 3b), rather than in the residual
image, as an inner disc with red colour excess of ∼ 0.42 mag
(see also Carollo et al. 1997; Tomita et al. 2000). To cre-
ate this colour map, we registered the F435W and F814W
images using the IRAF tasks geomap and gregister. Ex-
cluding the dust disc, the galaxy becomes progressively bluer
toward larger radii, with an F435W −F814W colour gradi-
ent of ∼ 0.22 mag per 10′′. We note that the dust disc has
a thickness of ∼ 0.′′2 ≈ 28 pc near the galaxy center in the
WFC3 F110W image (Fig. 2).
3.2 Structural decomposition
NGC 5322 is well known for its inner (discy) stellar com-
ponent, which counter-rotates with respect to the galaxy’s
boxy spheroid (e.g., Bender 1988, 1996; Bender & Surma
1992; Rix & White 1992; Goudfrooij et al. 1994;
Scorza & Bender 1995; Carollo et al. 1997; Silva & Bothun
1998), and for its central radio source (Feretti et al. 1984;
Hummel et al. 1984). Analysis of high-resolution HST
ACS/WFC images shows that the galaxy contains a
small-scale discy stellar component, a boxy spheroid (that
has a depleted core as revealed by the flattened inner stellar
distribution which deviates downward relative to the inward
extrapolation of the spheroid’s outer Sérsic profile) and an
outer stellar halo (Figs. 1, 3 and 4). As mentioned in the
Introduction, early-type galaxies brighter thanMB ∼ −20.5
mag, hereafter core-Sérsic galaxies, have depleted cores and
central stellar mass deficits which are thought to be created
through the ejection of stars by inspiralling binary SMBHs
(not due to central dust obscuration), while those with
MB >∼ −20.5 mag tend to be coreless (e.g., Faber et al. 1997;
Kormendy 1999; Rest et al. 2001; Ravindranath et al. 2001;
MNRAS 000, 000–000 (0000)
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Table 1. Structural parameters for NGC 5322 resulting from the fit to the optical data
Galaxy Type µb Rb Rb γ α ncS Re,cS Re,cS µe,S nS Re,S Re,S µ0,halo h h
(arcsec) (pc) (arcsec) (kpc) (arcsec) (pc) (arcsec) (kpc)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)
NGC 5322 E3-4 14.36 0.37 53.7 0.17 2 4.0 30.4 4.4 17.21 1.0 2.46 356.7 20.79 53.6 7.8
10% 10% 20% 25% 20% 20% 10%
Notes.— First row: structural parameters from the three-component Sérsic inner disc + core-Sérsic spheroid + exponential halo fit to the
F814W -band (∼ I-band) surface brightness profiles of NGC 5322 (Fig. 4). Col. 1: galaxy name. Col. 2: morphological type. Cols. 3−10:
best-fit parameters from the core-Sérsic model. Cols. 11 − 14: Sérsic model parameters for the exponential (n = 1) inner stellar disc with
scale length (h = Re,S/1.678) ∼ 1.
′′47 and central surface brightness (µ0,disc) ∼ µe,S − 1.822 ∼ 15.39 mag arcsec
−2. Cols. 15−17 best-fit
parameters for the exponential halo light. µb, µe and µ0,halo are in mag arcsec
−2. The second row shows the uncertainties on the fit
parameters. The uncertainty associated with µb, µe,S and µ0,h is ∼ 0.02 mag arcsec
−2.
Trujillo et al. 2004; Lauer et al. 2005, 2007; Ferrarese et al.
2006; Dullo & Graham 2012, 2013, 2014; Rusli et al. 2013).
The light distributions of core-Sérsic galaxies are
well described by the core-Sérsic model5 which is a
blend of an inner power-law and an outer Sérsic model
(Graham et al. 2003). Detailed multicomponent decompo-
sitions using high-resolution light profiles, extending to at
least 1Re (Graham et al. 2003), are crucial to understand
properly the different formation mechanisms that build up
the distinct structural components in galaxies. Therefore,
we fit a three-component Sérsic small-scale disc + core-
Sérsic spheroid + exponential halo model to the major-axis
surface brightness profile of NGC 5322 which extends out
200′′. Fig. 4 shows this light profile decomposition with a
small rms residual scatter of ∼ 0.015 mag arcsec−2. Each
model component was convolved with a Gaussian PSF with
FWHM ∼ 0.′′25 (see Dullo, Graham, & Knapen 2017, their
Section 3.1). The FWHM of the PSF was determined us-
ing several stars in the WFC3 F110W image of the galaxy.
Table 1 provides the best-fitting model parameters.
We found that a Sérsic model fit to the halo light yields
n ∼ 1.0 ± 0.2. We therefore force an exponential (n = 1)
model for the outer stellar halo. Similarly, the embedded,
small-scale discy component was modelled using a Sérsic
model with a half-light effective radius Re ∼ 2.′′46± 0.′′49 ≈
356.7 ± 71 pc and n ∼ 1.0, indicating an inner exponential
disc with a scale length h ∼ 1.′′47±0.′′15 ≈ 212.6±21.3 pc and
an I-band central surface brightness µ0,disc ∼ 15.39 ± 0.02
mag arcsec−2. The boxy spheroid which dominates over
R<∼ 100
′′ has a core-Sérsic stellar light distribution with
n ∼ 4.0 ± 0.8 (i.e., essentially the de Vaucouleurs (1948)
R1/4 law outside the depleted core), Rb ∼ 0.′′37 ± 0.′′04,
µb,I ∼ 14.36 ± 0.02 mag arcsec−2 and Re ∼ 30.′′4 ± 7.′′6.
At R>
∼
100′′, the spheroid and outer stellar halo contribute
equally.
3.3 Literature comparison
For comparison, Rix & White (1992) decomposed the ra-
dially limited ∼ 10′′ absorption line profile of NGC 5322,
5 Dullo & Graham (2012, 2014) discussed the core-Sérsic model
in detail and provided a comparison between the model and the
Nuker model (Lauer et al. 1995), see also (Graham et al. 2003;
Trujillo et al. 2004; Ferrarese et al. 2006).
which does not probe the outer parts of this galaxy’s
spheroid and stellar halo, into an inner stellar disc with
h ∼ 2.′′1 and a spheroid with Re ∼ 25′′ using a double
Gaussian model. Direct comparison between our decompo-
sition and that by Rix & White (1992) is challenging given
the different approaches by these two works, i.e., absorption
line profile vs. light profile decomposition. Scorza & Bender
(1995, their Figure A.9) fit an exponential disc + R1/4 bulge
model to their ∼ 10′′ data with a seeing FWHM of 1.′′6 and a
plate scale of 0.′′46/pixel, finding Re ∼ 3.4 kpc for the bulge,
and h ∼ 180 pc, a V -band µ0,disc ∼ 19.45 mag arcsec−2.
Fig. 5 compares our break radius (Rb) and inner log-
arithmic slope of the spheroid’s inner light profile (−γ)
with those from Carollo et al. (1997), Richings et al. (2011)
and Krajnović et al. (2013a). Carollo et al. (1997) and
Krajnović et al. (2013a) fit the Nuker model (Lauer et al.
1995, 2005) to 10′′ HST WFPC2/PC1 light profile of
NGC 5322, while Richings et al. (2011) modelled the
galaxy’s HST ACS/WFC light profile using the core-Sérsic
model. Also, Krajnović et al. (2013b, their Fig. 1) modelled
their ground based light profile of the galaxy over the radius
range 2.′′5 <∼R
<
∼ 172
′′ using a single Sérsic model, result-
ing in a residual profile which clearly reveals structures that
have not been properly modelled. Because these past works
(Carollo et al. 1997; Richings et al. 2011; Krajnović et al.
2013b,a) treated the galaxy as a single-component sys-
tem, the fraction of the light attributed to the spheroid
in their modellings come from the inner stellar disc and
outer halo. This led, in part, the measurements of the break
radius/half-light radius and Sérsic index by Richings et al.
(2011, Rb ∼ 1.′′23, n ∼ 8.1 and Re ∼ 93.′′1, their Table 2) and
Krajnović et al. (2013b, n ∼ 5.8, Re ∼ 67.′′9, their Fig. 1) to
be biased high (Fig. 5). Measuring the core size as the ra-
dius where the negative logarithmic slope of the fitted Nuker
model profile equals 1/2 (Rγ=1/2), Krajnović et al. (2013a,
their Table C1) found Rγ=1/2 ∼ 0.′′71, while Carollo et al.
(1997, their Table 4) reported Rγ=1/2 ∼ 0.
′′38 which agrees
with our core-Sérsic break radius for the galaxy (Fig. 5a).
Part of the discrepancies between our work and
Carollo et al. (1997), Krajnović et al. (2013a) and
Richings et al. (2011) arises from the treatment of the
inner dust disc. Indeed, the inner negative logarithmic
slopes presented in Carollo et al. (1997, γ = 0.0), and
Krajnović et al. (2013a, γ = 0.05) are shallower than that
of ours (γ ∼ 0.17 ± 0.02), while Richings et al. (2011)
MNRAS 000, 000–000 (0000)
A high-resolution, multi-band analysis of NGC 5322. 7
Figure 4. Three-component inner disc (dash-dotted green curve)
+ boxy spheroid (dotted magenta curve) + outer halo (dashed
blue curve) model fit to the composite HST WFC3 IR F110W
+ HST ACS F814W + SDSS i-band surface brightness profile
of NGC 5322 (see Section 2.4). The solid black curve shows the
complete fit to the profile. The WFC3 F110W and SDSS i-band
light profiles were shifted to match the ACS F814W data. This
decomposition yields a depleted core with a break radius of Rb ∼
0.′′37±0.′′04. Note that we extracted the innermost (R<∼ 3
′′) light
profile of the galaxy using (i) the WFC3 IR F110W image and
(iii) a careful mask to avoid the nuclear dust disc, with a thickness
of ∼ 0.′′2 ≈ 28 pc near the center of the galaxy, dividing the galaxy
centre (Fig. 2).
reported a very steep inner negative logarithmic slope for
the galaxy (γ = 0.41, Fig. 5b). Furthermore, replacing
the inner R<∼ 3
′′ profile in Fig. 4, extracted from the
redder WFC3 F110W image, with the ACS F814W data
and performing a 3-component decomposition of the ACS
F814W (R<∼ 40
′′) + SDSS i-band (R > 40′′) profile yields
a core with Rb ∼ 0.′′49 ± 0.′′05 ≈ 71.0 ± 7.3 pc, compared
Figure 5. Comparison of our break radius (Rb) and inner log-
arithmic slope of the spheroid’s inner light profile (−γ) with
those values from Carollo et al. (1997), Richings et al. (2011) and
Krajnović et al. (2013a). The solid lines show a one-to-one rela-
tion.
to that adopted here (Rb ∼ 0.′′37 ± 0.′′04 ≈ 53.7 ± 5.4 pc,
see Fig. 4 and Table 1). In Section 4.2.1, we measure low
F110W -band extinction (AF110W ∼ 0.031 − 0.047 mag) in
the regions immediately surrounding the masked regions
near the galaxy centre (Figs. 2 and 3). Also, we show that
our break radius for this galaxy is in good agreement with
those predicted based on the Dullo & Graham (2014) Rb−σ
and Rb −MV relations, i.e., Rb,σ−based ≈ 44.0± 6.1 pc and
Rb,MV −based ≈ 48.6±7.2 pc, respectively (Section 4.2). This
Rb agreement, together with the low IR extinction, gives
us some confidence that our measurement of NGC 5322’s
break radius was not affected by the nuclear dust disc.
3.4 Ellipticity, Position Angle, Isophote Shape
and Kinematics
Inside R ∼ 0.′′3, NGC 5322 shows radial variations in el-
lipticity, P.A. and B4 due to the nuclear dust disc and the
PSF (Figs. 1 and 4). Going outward from R ∼ 0.′′3, the
ellipticity continuously rises from ǫ ∼ 0.10 to a maximum
of ǫ ∼ 0.45 at ∼ 2.′′5 and it then declines reaching a lo-
cal minimum of ∼ 0.25 at ∼ 10′′, before starting to gently
rise again. The ellipticity profile together with the positive
B4 values over 1.′′5 − 8′′ reveal the small-scale disc, consis-
tent with the 3-component profile decomposition (Fig. 4).
The spheroid of NGC 5322 contains boxy isophotes, with
ellipticity ǫ ∼ 0.35 ± 0.07, that resulted in the ‘X’-shaped
structure in the residual image (Figs. 1 and 3). Bender
(1988, see also Rix & White 1992; Scorza & Bender 1995
and Krajnović et al. 2013b) found that the inner region
(R<
∼
2.′′6), where this galaxy’s inner disc contributes signif-
icantly, counter-rotates with maximum rotational velocity
Vrot,max ∼ 80 km s−1 relative to the intermediate parts
the spheroid at 10′′<
∼
R<
∼
35′′ (Vrot,max ∼ − 30 km s−1).
Rix & White (1992, their Fig. 9) reported Vrot,max/σ ∼ 1.4
and ∼ 0.15 for the inner disc and spheroid, respectively.
The small-scale stellar disc, spheroid and outer stellar
halo of NGC 5322 are well aligned as revealed by the position
angle which remains stable at ∼ 94◦ outside the region most
affected by the PSF (see Fig. 4).
MNRAS 000, 000–000 (0000)
8 Dullo et al.
3.5 Radio structure
NGC 5322 is a radio source which hosts a LINER nucleus
(Baldi & Capetti 2009). Fig. 1(d) shows the 1.5 GHz e-
MERLIN radio continuum map of NGC 5322 with a restor-
ing beam of θmaj × θmin ∼ 0.′′43 × 0.′′17 at a P.A. ∼ 0.79◦
(Table 2). Lower resolution images of this source in the Faint
Images of the Radio Sky at Twenty Centimeters (FIRST)
survey (Becker, White, & Helfand 1995) at 1.4 GHz show
that it has an extended radio jet structure along the same
position angle of the inner jet structure observed in Fig 1.
Whilst the VLAmaps of the galaxy by Hummel et al. (1984)
also revealed that the galaxy has an FRI radio morphol-
ogy with twin radio jets extending over ∼ 20′′ at 1.4 GHz.
These results are consistent but substantially shallower and
at lower angular resolution, as compared to these new e-
MERLIN observations. While the large bandwidth of these
observations provides near complete aperture coverage to
emission on scales between 0.1 to several arcsec, it should
be noted that the shortest project baseline of e-MERLIN
(∼ 11 km) in these observations means that these data are
insensitive to very extended, diffuse emission. In the case of
NGC 5322 this spatial filtering acts to separate the central
jet emission from diffuse radio emission. Fig. 1(d) shows that
these radio jets extend ∼ 10.′′9 ≈ 1.6 kpc at a position angle
of 172◦ as observed with e-MERLIN. On large scales, the
radio jets show slight deviations with respect to the orien-
tation of the inner jet.
Fig. 3 shows the radio contours overlaid on the HST
ACS residual image and the ACS F435W − F814W colour
map. In Fig. 3(b), we overplot the elliptical isophotes ob-
tained from the ellipse fit to the ACS F814W image to illus-
trate the position angle of the galaxy relative to the nuclear
dust disk and radio jets. Because of NGC 5322’s nuclear
dust disc crossing the galaxy centre, we did not attempt to
align these images by shifting the radio core to the central
maximum in the ACS images. We determine that the offset
between the optical and radio images can be up to ∼ 0.′′3.
The inner jet is nearly perpendicular to the nuclear dust
and stellar discs that are aligned along the major axis of the
galaxy (i.e., P.A. ∼ 94◦). The radio jets do not have strong
enough optical/near-IR emissions to be seen from the op-
tical and near-IR images, or as excess optical/IR emission
above the (inner disc + spheroid + halo) model fit to the
galaxy light profile (Fig 4).
3.5.1 Flux density, brightness temperature and radio
power
We fit a single elliptical Gaussian model to the central ra-
dio source using the aips6 task jmfit, deriving the position,
peak and integrated intensity flux density of the core emis-
sion. Also, the jmfit fit yields deconvolved beam dimensions
and position angle after deconvolving the clean beam from
the fitted component size (see Table 2).
The measurement of the brightness temperature of a
radio source is a diagnostic tool that discriminates between
the thermal free-free emission from H ii regions and non-
thermal synchrotron radio continuum emission. The former
6 http://www.aips.nrao.edu/
has a nebular brightness temperature of TB ∼ 104 K, while
the latter has a higher brightness temperature TB >∼ 10
6 −
1011 K (e.g, Condon 1992; Ho & Ulvestad 2001).
Using the Rayleigh-Jeans Law, the brightness temper-
ature (TB) can be written as
TB =
(
Sν
Ωbeamν2
) (
c2
2k
)
, (1)
where ν is the central frequency, k is the Boltzmann
constant, c is the speed of light, Ωbeam is the deconvolved
beam solid angle and Sν is the integrated radio flux den-
sity. For the radio core of NGC 5322 we derived TB ∼
4.5 × 107 K at ν ∼ 1524 MHz, suggesting a non-thermal
radio continuum emission. This confirms the conclusion
from VLA 15 GHz and VLBA observations presented by
Nagar, Falcke, & Wilson (2005) who find a brightness tem-
perature of > 108.2 K.
We run the aips task tvstat to determine the inte-
grated radio flux density for the jets Sint,jets ∼ 6.41 ±
0.02 mJy, which yields a 1.5 GHz radio power of ∼
7.04 × 1020 W Hz−1 at NGC 5322’s distance of 30.3 Mpc
(Table 2). Similarly, the core radio continuum emission of
Sint,core ∼ 5.96 ± 0.02 mJy for NGC 5322 implies a core
radio power of ∼ 6.55 × 1020 W Hz−1. The NRAO VLA
Sky Survey (NVSS, Condon et al. 1998), with a very poor
resolution of 45′′, has detected a source, near NGC 5322’s
centre, with a 1.4 GHz integrated flux of 78 ± 2.8 mJy.
The FIRST survey finds three sources with integrated ra-
dio flux densities of ∼ 40.7 mJy, 8.8 mJy and 8.1 mJy
at ∼ 3.′′1 (south), 7.′′0 (north), and 11.′′9 (north) from the
galaxy center, respectively. However, given the FIRST im-
ages’ resolution of 5′′, this survey’s detection of the three
sources and the pertaining flux values for NGC 5322 are
not reliable. Nonetheless, our total recovered flux density
(Sint,jets+Sint,core ∼ 12.4 mJy) is significantly lower (∼factor
of 5) than that recovered for more compact/filled interfer-
ometer observations (e.g., FIRST, Sint,total ∼ 57.6 mJy) due
to primarily the limited number of short baselines in the
e-MERLIN array which makes it insensitive to structures
greater than 5′′. As such our estimate of the jet power for
the galaxy is a lower limit.
4 DISCUSSION
4.1 Central mass deficit
The central stellar mass deficits of core-Sérsic galaxies are
thought to be created by inspiralling binary SMBHs that
form from ‘dry’ galaxy mergers (see Section 3.2). The-
ory predicts that the impact of multiple dry major merg-
ers on core creation is cumulative. N-body simulations by
Merritt (2006) suggested that the stellar mass deficit Mdef
that is generated by binary SMBHs after N successive
mergers equals 0.5NMBH, where MBH is the total sum
of the masses of the binary SMBHs. A careful measure-
ment of the central stellar mass deficit in the spheroid of
NGC 5322 can be used to constrain the galaxy’s merger his-
tory. We follow the procedures by Dullo & Graham (2014,
their Section 5.2) and compute the stellar luminosity deficit
(Ldef) as the difference in luminosity between the inwardly-
extrapolated outer Sérsic profile of the complete core-Sérsic
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Table 2. e-MERLIN observation
Frequency θmaj × θmin Beam P.A. θmaj × θmin Beam P.A. Speak Sint,core TB,core Pcore Sint,jets Pjets
(GHz) (◦) (◦) (mJy beam−1) (mJy) (K) (W Hz−1) (mJy) (W Hz−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
1.5 0.′′43× 0.′′17 0.79 0.′′20× 0.′′04 169.6± 0.094 5.38±0.01 5.96 ± 0.02 4.5×107 6.55× 1020 6.41 ± 0.02 7.04× 1020
Notes.— Col. 1: centrally weighted (i.e., nominal) frequency. Col. 2: synthesised beam major- and minor-axis dimensions. Col. 3: synthesised
beam position angle. Cols. 4 and 5: deconvolved beam dimensions and position angle obtained from a single Gaussian component fit to the
central radio emission using the aips task jmfit. Col. 6: jmfit peak flux density of the core emission. Col. 7: jmfit integrated flux density
of the core emission. Cols. 8 and 9: brightness temperature and power of the radio core. Col. 10: integrated flux density of the jets. Col. 11:
radio power of the jets. The quoted errors on the P.A., Speak and Sint,core (Cols. 5, 6, and 7) are those reported by the jmfit. The error
on Sint,jets is that given by tvstat.
model (fit to the spheroid’s profile) and the core-Sérsic
model (see Section 3.2 and Fig. 4). This yields stellar lu-
minosity deficit in the I-band7, Ldef/L⊙,I ∼ 3.9 × 10
8. To
convert this luminosity deficit into Mdef , we determined the
stellar mass-to-luminosity ratio (M/L) excluding the inner
dust disc and using the central dust-free colour of the galaxy
(F435W − F814W ∼ 2.15, Fig 1), which corresponds to
V − I ∼ 1.24 (Fukugita et al. 1995). For V − I ∼ 1.24, the
colour-age-metallicity-(M/L) diagram by Graham & Spitler
(2009, their Fig. A1) yields an M/L ∼ 4.2 in the V -band,
which corresponds to an I-bandM/L ∼ 2.8 (Worthey 1994,
his Table 5A), implying Mdef ∼ (1.1± 0.3) × 109M⊙.
4.2 Merger rate
Dynamical SMBH measurements are not available for
NGC 5322. We therefore compute the Mdef/MBH ratios us-
ing SMBH masses predicted from theMBH−σ andMBH−L
relations. For the velocity dispersion of NGC 5322 (σ ∼ 229
km s−1), the Graham & Scott (2013) MBH−σ relation pre-
dicts log (MBH/M⊙) ∼ 8.51± 0.40. To estimate the total I-
band absolute magnitude of the the spheroid (Msph,I), we in-
tegrate the core-Sérsic profile (Fig. 4) by taking into account
the spheroid’s average ellipticity (ǫ ∼ 0.35). This yields
Msph,I ∼ −23.04 mag, corrected for Galactic extinction
(∼ − 0.02 mag) and surface brightness dimming (∼ − 0.03
mag), which corresponds to a V -band magnitude Msph,V ∼
−21.77 mag applying the colour transformation V − I ∼
1.27 (Fukugita et al. 1995). Converting the Graham & Scott
(2013) B-band core-Sérsic MBH − L relation into a V -band
relation using B − V = 0.95 (Fukugita et al. 1995), we
predict log (MBH/M⊙) ∼ 8.93 ± 0.34 for the spheroid of
NGC 5322.
We thus find that Mdef/MBH ∼ 3.4 and 1.3 when
using SMBH masses predicted based on the spheroid’s
σ and L, respectively. While these numbers suggest that
the spheroid has experienced N ∼ 2 − 7 major mergers
(Merritt 2006), this conclusion is hinged on the assump-
tion that SMBH binary scouring is the sole mechanism that
created the core. For comparison, past works have found
mass deficits that are typically ∼ 0.5 − 4 MBH (Graham
2004; Trujillo et al. 2004; Ferrarese et al. 2006; Rusli et al.
7 We use an I-band absolute magnitude for the Sun of M⊙,I ∼
4.14 mag (http://www.ucolick.org/ cnaw/sun.html).
2013; Dullo & Graham 2013, 2014). If the central mass
deficit of NGC 5322 has been enlarged by additional mecha-
nisms (such as the scouring action of gravitationally recoiled
SMBH that oscillates about the centre of a merger remnant,
e.g., Boylan-Kolchin et al. 2004; Gualandris & Merritt 2008,
and the action of multiple SMBHs that form in galaxies at
high redshifts, e.g., Kulkarni & Loeb 2012, see the discus-
sion by Dullo & Graham 2014, their Sections 5.3 and 5.4),
then N <∼ 2− 7.
4.2.1 Dust absorption
Nuclear dust absorption can reduce the surface brightnesses
of NGC 5322 at the inner regions, creating an artificial de-
pleted core or enlarging the break radius/central mass deficit
and resulting in N <∼ 2−7 for the galaxy. However, not only
did we carefully mask the inner dust disc to extract the
WFC3 IR F110W profile at R<∼ 3
′′ (see Sections 2.4, 3.1
and Fig. 2) but also the values of σ ∼ 229 km s−1 and
MV ∼ −21.77 mag for NGC 5322’s spheroid imply that the
Dullo & Graham (2014, their Table 3) Rb−σ and Rb−MV
relations predict break radii of Rb,σ−based ≈ 44.0 pc and
Rb,MV −based ≈ 48.6 pc, in good agreement with the break
radius from our modelling (Fig. 4, Table 1).
Below, as a further check on the effect of the dust ab-
sorption, we follow the dust correction steps described in
Nowak et al. (2008, their Appendix A, see also Bender et al.
2015, their Section 3.3) and measure the F110W (∼ J-band)
extinction (AJ ) in the nuclear regions of the galaxy using our
F435W − F814W (B − I) colour map (Figs. 1 and 3).
Assuming that dust acts as a foreground screen obscur-
ing the stars, the extinction in the I-band can be written as
AI = Iobs − Icorr = αredE(B − I), (2)
where Iobs and Icorr are the observed and extinction-
corrected I-band surface magnitudes. The reddening E(B−
I) = (B − I)obs − (B − I)corr and αred = ((AB/AI)− 1)−1.
Therefore,
fI,corr = fI,obs
(
fI,obs
fB,obs
)αred (
fB,corr
fI,corr
)αred
, (3)
where fI and fB are the I- and B-band surface fluxes.
Assuming a very shallow stellar population gradi-
ent in the central region of NGC 5322 (Spolaor et al.
2010), we found the dust free surface flux ratio in the
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inner regions to be fB,corr/fI,corr ∼ 0.125. Following
Schlafly & Finkbeiner (2011, their Table 6), AACS,F475W =
3.610E(B − V ), AACS,F814W = 1.526E(B − V ) and
AWFC3,F110W = 0.881E(B − V ) for RV = 3.1. Thus,
AACS,F475W/AACS,814W ∼ 2.366, i.e., αred ∼ 0.732 and
AWFC3,F110W/AACS,814W ∼ 0.5773. Therefore, combining
eqs. 2 and 3 gives an I-band extinction value of AI ∼ 0.080
mag for the regions, near the galaxy centre, immediately
outside the ACS and WFC3 masked regions (Fig. 2) with a
B − I colour of ∼2.37 mag. This AI value corresponds to
a low IR extinction value of AJ ∼ 0.047 mag. For compar-
ison, AI ∼ 0.053 mag for the outer part of the dust disc
(as traced by the colour map) near the galaxy centre with
a B − I colour of ∼2.33 mag. For the reddest part of the
dust disc with B − I ∼ 2.85 mag, which we have masked,
AI ∼ 0.053 mag (see Figs. 1, 2 and 3). Thus, we find a low
IR extinction value of AJ ∼ 0.031 mag for the outer part of
the dust disc, while for the reddest part AJ ∼ 0.250 mag.
These three AJ values can be compared to our adopted un-
certainty on surface brightnesses µb, µe and µ0, i.e., ∼ 0.02
mag arcsec−2.
We did not attempt to derive a dust-corrected F110W
surface brightness profile for NGC 5322 by creating a dust-
corrected WFC3 F110W image of the galaxy using eq. 3.
Although the foreground screen approximation (eq. 2) en-
ables us to constrain the uncertainties due to the effects of
the nuclear dust, the technique is not fully reliable to de-
rive a robust light profile for the galaxy (Nowak et al. 2008;
Bender et al. 2015). Both Nowak et al. (2008, Appendix A)
and Bender et al. (2015, Section 3.3) have estimated the
best αred values in a subjective manner by iterating αred to
obtain what they considered the best dust-corrected images
for their galaxies.
4.3 Spheroid, inner disc and outer halo formation
and the connection to the central radio source
Here we discuss the formation of NGC 5322, an E3 − 4 gi-
ant elliptical in a poor group (Garcia 1993; Madore et al.
2004), considering the implications of our findings; a galaxy
spheroid with a stellar mass deficit Mdef ∼ (1.1 ± 0.3) ×
109M⊙, small-scale stellar and dust discs, an outer stel-
lar halo and a central radio source (Section 3.5, see also
Feretti et al. 1984; Hummel et al. 1984).
4.3.1 Spheroid property
In the previous sections, we have discussed that the de-
pleted core in NGC 5322 is not due to the nuclear dust
disc crossing the galaxy center, which can create an ar-
tificial core or enlarge a pre-existing depleted core. How-
ever, it is still worth comparing the properties of the
spheroid of NGC 5322 with those of core-Sérsic galaxies
to ensure that our core identification is real. Faber et al.
(1997) noted the connection between the “core” vs. “power-
law” central structural dichotomy and the “boxy” vs.
“discy” and “slow rotator” vs. “fast rotator” divides
(see also Davies et al. 1983; Carter 1987; Bender 1988;
Bender et al. 1988; Peletier et al. 1990; Jaffe et al. 1994).
In agreement with this picture8, NGC 5322’s core-Sérsic
spheroid rotates slowly (e.g., Bender 1988; Rix & White
1992; Emsellem et al. 2011; Krajnović et al. 2013a,b) and
has boxy isophotes (Figs. 2 and 3). The spheroid’s Sér-
sic (n ∼ 4) stellar light distribution outside the core,
MV ∼ −21.77 mag ≈ 73.4% of the total galaxy light (i.e.,
including the stellar halo) and σ ∼ 229 km s−1, also sug-
gest that the galaxy is a core-Sérsic galaxy. Moreover, there
is a tendency for the AGN of core-Sérsic galaxies to be
more radio-loud than those of the coreless galaxies (e.g.,
Capetti & Balmaverde 2005, 2006; Kormendy et al. 2009;
Richings et al. 2011). Indeed, NGC 5322 is classified as a
radio-loud galaxy (e.g., Baldi & Capetti 2009).
4.3.2 Kinematically decoupled core
The gas-poor major merger scenario of the spheroid (Sec-
tion 4.3.1) cannot naturally account for the galaxy’s inner
stellar disc which counter-rotates rapidly with respect to
the slowly rotating spheroid (Bender 1988, see Section 3.4).
Galaxies with central regions that are kinematically decou-
pled from the rest of the galaxy are thought to be com-
mon, but their formation mechanisms are still unclear (e.g.,
Efstathiou et al. 1982; Bender 1988; Franx & Illingworth
1988; Hernquist & Barnes 1991; Balcells & Quinn 1990;
Forbes et al. 1995; Carollo et al. 1997; McDermid et al.
2006; Tsatsi et al. 2015). Integrating our Sérsic fit and us-
ing ǫ ∼ 0.4, we find an I-band MI ∼ − 19.29 mag for the
counterrotating disc, dominated at all radii by the spheroid
(Fig. 4). This disc only makes up ≈ 2.6% of the total galaxy
light and using a mass-to-light ratio M/LI ∼ 2.8, the same
as the spheroid’sM/LI , gives a stellar disc mass ofM∗,disc ∼
(6.4 ± 1.8)× 109 M⊙, somewhat smaller than the stellar disc
mass from Bender (1990, M∗,disc ∼ 1010M⊙). The resid-
ual structure along the major axis of the galaxy due to the
counterrotating stellar disc (Figs. 1 and 3) is in excellent
agreement with the galaxy velocity map by Krajnović et al.
(2011, their Fig. C4).
Kinematically decoupled core (KDC) formation due to
survived cores of accreted gas-poor satellites has been dis-
cussed by Kormendy (1984) and Balcells & Quinn (1990).
These mechanisms are, however, inconsistent with this
galaxy’s inner dust disc and central radio source which are
a telltale signature of nuclear cold gas accretion events.
It is unlikely that the KDC of NGC 5322 (i.e., the in-
ner stellar disc) was built through major mergers of gas-
rich or partially-gaseous galaxies (e.g., Barnes & Hernquist
1991; Hernquist & Barnes 1991; Bender & Surma 1992;
McDermid et al. 2006; Bois et al. 2011; Krajnović et al.
2011; Naab et al. 2014; Toloba et al. 2014; Krajnović et al.
2015; Tsatsi et al. 2015). These processes drive nuclear in-
flows of gas and subsequently trigger intense central star-
bursts, which are typically ∼ 1% − 5% of the host galaxy
8 A caveat here is that the “core” (Lauer et al. 1995; Faber et al.
1997) and “core-Sérsic” (Graham et al. 2003) structural classi-
fications are not identical. Unlike “core-Sérsic” galaxies, “core”
galaxies identified by the Nuker model (e.g., Lauer et al. 1995) do
not necessarily contain partially-depleted cores relative to their
spheroids’ outer Sérsic profile (Dullo & Graham 2012, 2013, 2014,
2015).
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light (Hopkins et al. 2008, 2009, see also Park, Smith, & Yi
2017), resulting in a coreless galaxy (e.g., Faber et al. 1997).
Furthermore, using numerical simulations, Hau & Thomson
(1994) proposed a formation model for KDC galaxies, in-
cluding NGC 5322, where a retrograde flyby interaction of a
galaxy with another elliptical galaxy leads to a slowly rotat-
ing halo and a rapidly rotating KDC core. Their simulations
assume an inner core plus an other halo components for the
galaxies, but NGC 5322 has an inner stellar disc, a spheroid,
and an outer halo (See Fig. 4 and Section 3).
The properties of NGC 5322 favour the formation of
the KDC due to the accretion of a gas-rich satellite which
settles at the galaxy centre.
4.3.3 A three-phase assembly for NGC 5322
We argue that a more likely scenario for NGC 5322
is a three-phase assembly, in which, the galaxy had its
spheroid built earlier through (N ∼ 2 − 7) violent
dry major mergers involving SMBHs (e.g., Faber et al.
1997; Kormendy 1999; Rest et al. 2001; Ravindranath et al.
2001; Trujillo et al. 2004; Lauer et al. 2005, 2007; Bell et al.
2006; Ferrarese et al. 2006; Xu et al. 2012; Man et al. 2012;
Man, Zirm, & Toft 2016), followed by the subsequent accre-
tion of (a satellite with) metal-rich gaseous material which
settles at the galaxy centre into a rapidly rotating (discy)
cold gas reservoir. This, in turn, later fuels the central ra-
dio source and converts into the inner counter-rotating stel-
lar disc (see Bertola et al. 1988; Franx & Illingworth 1988;
Faber et al. 1997; Caon et al. 2000; Cappellari et al. 2002).
Rix & White (1992) argued that this stellar disc is em-
bedded in the dynamically hot spheroid (i.e., Vrot/σ ∼
1.4). The outer halo (≈24.0% of the total galaxy light)
could naturally have grown later via dry minor mergers
and the accumulation of stars stripped during flybys (e.g.,
Zolotov et al. 2009; Hilz et al. 2012, 2013; Hirschmann et al.
2015; Rodriguez-Gomez et al. 2016, their Fig. 4). Due to
NGC 5322’s group environment and therefore the lack
of intracluster light (Garcia 1993; Madore et al. 2004),
this galaxy’s halo and spheroid contribute equally in the
outermost regions, compared to BCG halos which typi-
cally dominate their host spheroids’ light at large radii
(e.g., Seigar et al. 2007; Donzelli, Muriel, & Madrid 2011;
Dullo, Graham, & Knapen 2017).
4.3.4 Low-luminosity AGN feedback
A key challenge to our three-phase formation picture is
that the new star formation due to the gas/gas-rich satel-
lite accretion can refill the depleted core (see Faber et al.
1997). However, the core can be protected if the non-
thermal AGN feedback swiftly quenches the in-situ star for-
mation after the stellar disc is formed. Serra et al. (2012) de-
tected neutral hydrogen absorption in NGC 5322, although
Hibbard & Sansom (2003) did not detect neutral hydro-
gen associated with the galaxy. Using e-MERLIN observa-
tions, we tentatively detected neutral hydrogen absorption
near the central region of NGC 5322. Also, Spolaor et al.
(2010) found a significant α enhancement at the central re-
gions of the galaxy ([α/Fe] ∼ 0.30), suggesting short star-
formation timescales (e.g., Matteucci & Tornambe 1987;
Thomas, Greggio, & Bender 1999; Thomas et al. 2005).
Our radio data analysis suggests that NGC 5322 houses
a low-luminosity AGN (LLAGN). As noted in Section 3.5,
the 1.5 GHz radio continuum emission of the galaxy has
a core radio power and brightness temperature of Pcore ∼
6.55 × 1020 W Hz−1 and TB,core ∼ 4.5 × 107 K, respec-
tively (Table 2), which agree with those those reported for
low-luminosity AGN (TB,LLAGN >∼ 10
7 K e.g., Nagar et al.
2002; Nagar, Falcke, & Wilson 2005; Nyland et al. 2013 and
Pcore,LLAGN ∼ 1018 − 1025 W Hz−1, e.g., Ho & Ulvestad
2001). For NGC 5322’s radio jets, we measured a low radio
power of Pjets ∼ 7.04 × 1020 W Hz−1. Using Chandra X-
ray spectra and the surface brightness profile of NGC 5322,
Balmaverde, Baldi, & Capetti (2008) argued that a low ac-
cretion rate (≈ 0.75 M⊙ yr−1) of hot gas onto the AGN
at the bondi radius of 15 pc is enough to account for these
radio jets kinetic power. Fig. 3 reveals that the residual im-
age obtained by subtracting the ellipse model image of the
galaxy exhibits two bright cones, tracing the orientations
of the radio jets. However, since the jets have a low radio
power, these bright cones are less likely to form due to ra-
dio mode AGN photoionisation of the interstellar medium
of the galaxy (e.g., Croton et al. 2006; Heinz et al. 2006;
McNamara et al. 2009).
Furthermore, the modelling of the HST brightness pro-
file shows that NGC 5322 has a normal size core for the
galaxy’s σ and MV , thus it is unlikely that a pre-existing
large core in this galaxy was partially replenished by new
stars (see Section 4.2).
4.3.5 Three-phase scenario versus galaxy properties and
environment
The three-phase formation scenario reconciles well with the
colour, stellar population properties, globular cluster sys-
tem and the environment of NGC 5322. Spolaor et al. (2010,
their Tables C1, C2 and C3) reported a positive age gra-
dient for the galaxy where the age rises from a central
value of 7.4 Gyr to an average age of 12.6 Gyr. The cen-
tral intermediate age (7.4 Gyr) stellar population (see also
Proctor & Sansom 2002) is consistent with a stellar popula-
tion that is a mixture of relatively young and old stars as-
sociated mostly to the stellar disc (i.e., KDC) and spheroid,
respectively. NGC 5322’s negative radial metallicity gradient
of ∼ −0.20 dex decade−1 is such that the galaxy is metal-
rich in the central regions ([Z/H] ∼ 0.45] and it becomes
less metal-rich with increasing radius (Spolaor et al. 2010).
This negative metallicity gradient is expected since the small
(gas-poor) satellites forming the outer halo are metal-poor.
The higher central metallicity may reflect an early dissipa-
tive merger-induced starburst in the (coreless) progenitors
of the spheroid and may typically remain intact during dry
mergers (e.g., De Lucia et al. 2006; Spolaor et al. 2010) and
the accretion of (a satellite with) already enriched gaseous
material that built up the stellar disc. The galaxy becomes
gradually bluer towards larger radii (see Section 3.1), as also
reflected in the decline of the fraction of red globular clus-
ters going from the centre to larger radii (Harris et al. 2006,
their Table 5 and Fig. 24). In line with the three-phase pic-
ture, NGC 5322 resides in a poor galaxy group environ-
ment, which favours mergers (e.g., Zabludoff & Mulchaey
1998; Carlberg et al. 2001).
The nuclear dust disc and the inner stellar disc of
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NGC 5322 are both oriented along the major-axis of the
galaxy, suggesting a common (external) origin for both these
structures. The dust disc is nearly perpendicular to the ra-
dio jets (Section 3.5). However, Verdoes Kleijn & de Zeeuw
(2005) did not find a trend between the radio jets and
dust orientations for their sample of galaxies with nuclear
dust disc, in contrast they found that radio jets tend to
be perpendicular to the dust structure in the ‘dust lane’
galaxies. A number of past studies found a strong link
between the presence of dust in galaxies and radio ac-
tivities (e.g., Jaffe et al. 1994; van Dokkum & Franx 1995;
Verdoes Kleijn et al. 1999; Martel et al. 1999; Tran et al.
2001; Verdoes Kleijn & de Zeeuw 2005; Lauer et al. 2005;
Baldi & Capetti 2008; Shabala et al. 2012). The dust disc in
NGC 5322 may signal the accretion of externally acquired
gaseous material onto the the central supermassive black
hole which feeds the AGN and powers the radio jets, ex-
tending ∼ 1.6 kpc at a position angle of 172◦.
5 CONCLUSIONS
As part of the LeMMINGs survey, we investigated the nu-
clear activity and central structure of the radio galaxy
NGC 5322 using a new sub-arcsec L-band (1.25 - 1.75 GHz)
e-MERLIN radio observation together with HST WFC3/IR,
ACS/WFC and SDSS imaging. We extracted a composite
(HST WFC3/IR and ACS/WFC + SDSS) major-axis sur-
face brightness profile and isophotal parameters. The inner
(R<∼ 3
′′) part of this composite light profile was extracted
from the redder HST WFC3/IR image, applying a pixel
mask which mapped the galaxy’s nuclear dust disc with a
radius of 1.′′7 ≈ 246.5 pc and a thickness of 0.′′6 ≈ 87 pc near
the galaxy center in the F814W/ACS/WFC image. For the
first time we have decomposed NGC 5322’s composite light
profile, covering R ∼ 200′′, into an inner Sérsic (n ∼ 1±0.2)
stellar disc, a boxy core-Sérsic spheroid plus an outer, expo-
nential stellar halo. Our primary findings are follows:
(1) We have derived a central stellar mass deficit
(Mdef ∼ 1.1 ×109M⊙) in the core-Sérsic spheroid with
a core size Rb ∼ 0.′′37 ± 0.′′04 ≈ 53.7 ± 5.4 pc and
n ∼ 4 ± 0.8. This core size is in good agreement with
those estimated utilising the spheroid’s σ ∼ 229 km s−1 and
MV ∼ −21.77 mag (≈ 73.4% of the total galaxy light) along
with the Rb−σ and Rb−MV relations for core-Sérsic galax-
ies (Dullo & Graham 2014), i.e., Rb,σ−based ≈ 44.0 ± 6.1
pc and Rb,MV −based ≈ 48.6 ± 7.2 pc. We also measured
low F110W -band extinction (AF110W ∼ 0.031− 0.047 mag)
in the regions immediately surrounding the masked regions
near the galaxy centre, compared to our adopted uncer-
tainty on the surface brightnesses µb, µe,S and µ0,h, i.e.,
∼ 0.02 mag arcsec−2. The good agreement in Rb and the
low IR extinction give us confidence that our measurement
of NGC 5322’s Rb (and therefore Mdef) is not plagued by
the effects of the nuclear dust disc. We found a stellar mass
M∗ ∼ (6.4 ± 1.8) × 109M⊙ for the stellar disc, somewhat
smaller than that reported in the past.
(2) We find that NGC 5322 has a core 1.5 GHz radio
continuum emission with a power of Pcore ∼ 6.55 × 1020 W
Hz−1 and a brightness temperature of TB,core ∼ 4.5× 107 K
(Table 2). Both these figures favour a non-thermal nu-
clear radio emission due to a low-luminosity AGN. For
the galaxy’s radio jets, we measured a low radio power of
Pjets ∼ 7.04 × 1020 W Hz−1.
(3) We propose a three-phase formation scenario to
explain the formation and evolution of NGC 5322. The
spheroid may have built up early through (2 − 7) gas-poor
major mergers, as traced by theMdef/MBH ratio. The galaxy
subsequently cannibalised a satellite containing metal-rich
gas, with stars and gas settling at the centre and forming the
rapidly rotating stellar disc, counterrotating with respect to
the spheroid. The outer stellar halo later grew inside-out via
minor mergers and accretion of tidal debris. Our formation
model for NGC 5322 is consistent with the galaxy’s colour,
stellar population properties, globular cluster system and
environment.
(4) NGC 5322’s dust disc oriented along the galaxy’s
major-axis is nearly perpendicular to the radio jets, which
extend ∼ 1.6 kpc at a position angle of 172◦. Nuclear dust
features may indicate the accretion of externally acquired
gaseous material onto the AGN, powering central radio
sources. For NGC 5322, this radio mode (low-luminosity)
AGN feedback that drives the low power jets might have
quenched the late-time star formation in the galaxy after
the stellar disc is formed, preventing the refill of the de-
pleted core.
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